T h e Varkud satellite ribozyme is the largest of the small nucleolytic ribozymes, and the only one for which there is no crystal structure. It can be divided into a trans-acting ribozyme, consisting of five helices organized by two three-way helical junctions, and a stem-loop substrate with which it interacts, primarily by tertiary interactions. We have determined the global fold of the ribozyme, and the manner by which it interacts with the substrate. T h e substrate interacts with a cleft formed between helices I1 and VI (organized by the lower helical junction), where it contacts the A730 loop, the probable active site of the ribozyme. Within this loop, there is a critical adenine base (A756) that is a candidate for direct nucleobase participation in the cleavage reaction.
base participation in the cleavage reaction.
Varkud satellite (VS) ribozyme
T h e V S ribozyme is one of the small nucleolytic ribozymes that undergoes a site-specific selfcleavage reaction by means of a transesterification reaction arising from the attack of a 2'-hydroxy group to generate 2',3'-cyclic phosphate and 5'-hydroxy termini [I] . It can also catalyse the reverse ligation reaction [2,3]. T h e ribozyme is found in the VS RNA that occurs in the mitochondria of Neurospora, which is transcribed from the V S
D N A [4].
T h e functional ribozyme can be readily reduced to a single piece of RIVA of 154 nt [S] . T h e sequence and secondary structure is shown in Figure 1 . Stem-loop I contains the cleavage site, and is the substrate of the reaction, while the part comprising helices I1 to VI is the ribozyme.
Cleavage reaction
In the natural context, the V S ribozyme operates as a single continuous piece of RNA, catalysing a cleavage reaction in cis. However, it can be divided Keywords metal ions, RNA catalysis RNA folding, RNA structure Abbreviation used VS, Varkud satellite 'To whom correspondence should be addressed (e-mail d m J lilley@dundee ac uk) into a trans-acting ribozyme plus substrate system [6]. T h e trans-acting VS ribozyme is different from analogous forms of the other nucleolytic ribozymes, in that its interaction with the substrate is largely through tertiary contacts. This ribozyme is kinetically very well behaved ; the cleavage reaction goes virtually to completion in a single phase (Figure 2 ) [7] . T h e reaction can be analysed in terms of the formation of a non-covalent complex between the ribozyme (Rz) and substrate (S), i.e. 
We have determined that K,,,(app) = 1 .OpM and k, = 2.0 min-' for the natural VS ribozyme sequence [9] .
The global structure of the ribozyme is organized by two three-way helical junctions Examination of the sequence and secondary structure of the VS RNA (Figure 1 ) reveals two prominent three-way helical junctions, and experience tells us that these are likely to play a key role in the folding of the ribozyme. T h e hammerhead and hairpin ribozymes are organized around three-and four-way helical junctions, respectively, and such junctions are clearly important architectural features in nucleic acids [lo] that can organize the structure of significant regions of RNA. These junctions were therefore the starting point for analysing the structure of the five-helix ribozyme in our studies.
connects helices 11, I11 and VI, while the upper junction (the 3-4-5 junction) connects helices 111, IV and V. They are connected through their
The lower junction (the 2-3-6 junction) common helix 111. We reasoned that if we could determine the global structure of each junction,
Figure I
The sequence of the VS ribozyme 
I171
and the dihedral angle subtended between them, nucleotides. We determined the global structure we would have determined the structure of the using comparative gel electrophoresis and fluorribozyme in overall terms. escence resonance energy transfer [7] . The strucThe 2-3-6 junction is a 2HS,HS, [ll] juncture is dependent on the presence of bivalent tion, with single-stranded stretches of five and two metal ions. Folding is induced by the non-
Figure 3
The global structure of the VS ribozyme, and its interaction with the substrate (A) Schematic ofthe secondary structure ofthe ribozyme, redrawn to correspond to the global structure deduced in these studies. T h e folding properties of the junction are virtually identical in the context of the complete ribozyme [9] . T h e local structure of this junction was modelled by homology with one occurring in the 23 S RNA.
The 3-4-5 junction is a HS,HS,HS, junction, with three unpaired sections. Its global structure was determined by the same approaches as for the 2-3-6 junction [12] . In common with the 2-3-6 junction, folding is induced by the non-cooperative binding of magnesium ions, with a [Mg2+Iliz of approx. 250pM. In the folded conformation there is a large angle (most probably due to coaxial stacking) between helices I11 and IV, whereas helices I11 and V include an acute angle.
We have analysed the effects of many sequence changes in these two junctions on the cleavage activity of the ribozyme. While some are tolerated, others lead to major impairment of catalytic activity. For example, changes in the bases immediately adjacent to helix I1 (G768 and A656) resulted in large reduction in cleavage activity [7] . These effects could be correlated with perturbation of the global folding of the ribozyme, and explained in terms of the structure of the junction deduced by homology modelling.
Structure of the complete ribozyme
Using the global structures of the two junctions we can assemble the structure of the complete fivehelix ribozyme through the common helix 111. The only additional information required is the dihedral angle relating helices I1 and V, and this was determined to be 75" using a gel electrophoretic technique [12] . On this basis, we have constructed a model for the complete ribozyme folded in the presence of magnesium ions (Figure 3B ).
Interaction between substrate and ri bozyme
T h e major binding site for the substrate stem-loop is likely to be the cleft between helices I1 and VI. This is consistent with two observations. The 3'-end of the substrate stem is linked via three nucleotides to the 5'-end of stem I1 in the cisacting form of the ribozyme, and thus these regions of ribozyme and substrate must be relatively close together in the complex. In addition, Collins and co-workers [13] have provided evidence for a loop-loop interaction between the substrate loop and that of stem V. We have manually modelled this structure by docking stem-loop I (taken from a recent NMR structure [14] ) into our global model of the five-helix ribozyme ( Figure 3C ).
Identifying important sequences in the ri bozyme
Very extensive nucleotide substitutions have been made over much of the VS ribozyme. The effects of these substitutions on cleavage activity can be divided into a number of groups, as follows.
Base pairs
The secondary structure of the ribozyme is important, but the nature of most individual base pairs is not. Many can be reversed or replaced by a different pair without major loss of activity, so long as a base pair is retained at a given position. Helix IV is virtually completely dispensable, so long as junction 3-4-5 can form stably, and the outer end of helix VI can also be deleted with little reduction in activity.
Bulged bases
Adenine bulges occur in helices 11, VI and 111. In general, deletion of a given bulge lowers activity significantly, and transfer to the opposite strand is even more deleterious. But, in most cases, substitution of the bulged base by a different nucleotide leads to only a small reduction in activity. In the case of helix 111, the bulge can be complemented (i.e. replaced by a base pair) with almost no loss of activity. These bulged bases are therefore unlikely to play any direct role in cleavage; their role is more probably structural, since such bulges kink the axis of the helix [ 15-1 71.
Helical junctions
Important nucleotides exist in both junctions, but, once again, these are likely to have a purely structural role. As discussed above, we have found a good correlation between the effects of changes at these positions on cleavage activity of the ribozyme, and on the folding of the individual junctions.
A730 loop
T h e internal loop in helix VI that contains A730 exhibited the greatest sensitivity to nucleotide 
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Active site of the VS ribozyme
T h e A730 loop is very probably the active site of the VS ribozyme. Activity is severely reduced by most sequence changes to any of the four nucleotides comprising the loop, without affecting the global folding of the ribozyme [9] . T h e cleavage site and the A730 loop are naturally juxtaposed in our model of the ribozyme with the substrate docked into the cleft between helices I1 and V I (Figure 3) . Moreover, the ribozyme retained activity when stem-loop I was reconnected via its 5' end to the 3' end of stem I1 [8] , and we have observed that it can also be attached to the end of helix VI (D. A. Lafontaine, unpublished work). It is probable that intimate association between the A730 loop and the substrate creates the local environment in which catalysis of the cleavage reaction occurs. This is strongly reminiscent of the hairpin ribozyme, where interaction between two internal loops of RNA generates the active form of the ribozyme [18-201.
A special nucleotide
One nucleotide within the A730 loop appears to be especially important in the cleavage reaction. Any substitution of A756 leads to a reduction in cleavage activity by three orders of magnitude, and this is largely because of a lowered rate of cleavage (k,) rather than impaired substrate binding [9] . Indeed, A756 variants act as inhibitors of the cleavage reaction, with K , values in the 3.5 to 4.5 p M range.
Closer examination reveals that the most significant aspect is the nucleobase, and in particular its Watson-Crick face [21] . Thus, although a number of changes to the nucleobase reduce cleavage activity by > 1000-fold, removal of the 2'-hydroxy group lowers the activity only 10-fold. Moreover, this effect is probably structural, since 2-aminopurine fluorescence experiments indicate that the 2'-hydroxyl group is important for the structure of the A730 loop. Catalytic activity is particularly sensitive to changes involving the exocyclic amine of A756. In contrast, cleavage activity is only weakly sensitive to modification at the 7-position of the purine nucleus. These results suggest that the Watson-Crick edge of the adenine base is important in ribozyme function.
Origins of catalysis in the VS ri bozyme
There are a number of potential factors that probably contribute to catalysis in the nucleolytic ribozymes as a class. (ii) Nucleobases might participate in general acid-base catalysis. T h e best evidence for this has been found for a cytosine base in the hepatitis delta virus ribozyme [23, 24] , but there are also suggestions of a role for a guanine base in the hairpin ribozyme [20, 25, 26] . (iii) Stereochemical factors may also have a role, to facilitate the trajectory into the in-line transition state of the S,2 transesterification reaction. T h e attacking 2'-oxygen nucleophile is only 40" away from an in-line trajectory in the crystal structure of the hairpin ribozyme [20] , and there is crystallographic evidence for a structural reorganization towards an in-line geometry in the hammerhead ribozyme [27] .
We do not know the mechanism by which the ribozyme accelerates the cleavage reaction. However, it is likely that catalysis is multi-factorial, and that the rate enhancement contains components from several of the above processes.
A756 is a candidate for direct nucleobase participation in the cleavage reaction of the VS ribozyme, acting, for example, in general acidbase catalysis. At present, however, there is no unequivocal proof of this, and we have not been able to demonstrate a restoration of activity in an A756 abasic variant by addition of exogenous bases [21] . However, this may be a result of an inaccessibility of the resulting pocket. If the adenine base is to act as a general acid or base at near-neutral pH, its pK, will need to be raised since the normal pK, of adenine N1 is approx. 3.5. This may well be possible in the highly charged environment of a nucleic acid, and altered pK, values of adenine have been measured in the leadzyme by KMR [28] .
Conclusion
In our current view, the global structure of the VS ribozyme is organized by the two three-way helical 0 
